Objective: Robotic-assisted minimally invasive esophagectomy (RAMIE) is an emerging complex operation with limited reports detailing morbidity, mortality, and requirements for attaining proficiency. Our objective was to develop a standardized RAMIE technique, evaluate procedure safety, and assess outcomes using a dedicated operative team and 2-surgeon approach. Methods: We conducted a study of sequential patients undergoing RAMIE from January 25, 2011, to May 5, 2014. Intermedian demographics and perioperative data were compared between sequential halves of the experience using the Wilcoxon rank sum test and the Fischer exact test. Median operative time was tracked over successive 15-patient cohorts. Results: One hundred of 313 esophageal resections performed at our institution underwent RAMIE during the study period. A dedicated team including 2 attending surgeons and uniform anesthesia and OR staff was established. There were no significant differences in age, sex, histology, stage, induction therapy, or risk class between the 2 halves of the study. Estimated blood loss, conversions, operative times, and overall complications significantly decreased. The median resected lymph nodes increased but was not statistically significant. Median operative time decreased to approximately 370 minutes between the 30th and the 45th cases. There were no emergent intraoperative complications, and the anastomotic leak rate was 6% (6/100). The 30-day mortality was 0% (0/100), and the 90-day mortality was 1% (1/100).
M inimally invasive esophagectomy (MIE) is an alternative
to open esophagectomy with equivalent oncologic outcomes and mortality rates, and potentially improved morbidity and quality-of-life indicators. [1] [2] [3] The learning curve for these operations is significant and the procedures technically demanding, requiring advanced surgical minimally invasive expertise.
Reports of robotic-assisted approaches to esophagectomy are emerging, with the putative benefit over standard approaches of improving the primary surgeon's control over the conduct of the operation. Published experience with robotic-assisted MIE (RAMIE) is limited but growing, although reported approaches are quite varied and outcomes difficult to compare between studies. 4, 5 Assessment of the learning curve for these operations is likewise difficult to interpret from study to study given the variation between techniques described, including totally minimally invasive versus hybrid approaches involving either laparoscopy, thoracoscopy, or both. [6] [7] [8] [9] A complete robotic-assisted laparoscopic and thoracoscopic RAMIE procedure has been under development at Memorial Sloan Kettering Cancer Center, a high-volume esophageal cancer tertiary referral center, as part of a formal prospective clinical program with a primary emphasis on maximizing patients' safety during the evaluation of new technology toward established operations. Our early technical approach and experience with the procedure in 21 patients has been previously reported, with a focus on pitfalls, complications, and cautions encountered during initial development of the program. 10 The objective of the current study was to report our model of procedure development resulting in ongoing refinement and standardization of the procedure over time while maintaining a primary focus on patients' safety.
METHODS
An academic clinical plan to develop a standardized RAMIE approach was initiated at Memorial Sloan Kettering Cancer Center with the goal of assessing the incorporation of new technology (robotics) toward a standard operation (esophagectomy). A central mandate of the program design was maximization of patients' safety throughout the process, with key programmatic elements toward that end outlined later in the text while developing a uniform method to the conduct of the operation. An institutional review board waiver was granted. Study elements were designed to perform concurrent and timely safety monitoring and data acquisition.
Preprogram Cadaveric Study
An initial single cadaveric feasibility operation, or "dryrun", was performed by the study surgeons and senior consulting surgeon before initiation of clinical cases with the purpose of planning gross mechanics of the operation (ie, port placement, robot and table positioning, anesthesia positioning, conduct of operation, etc.) and to identify potential inherent pitfalls early in the course of development. While a critical first step to promote a smooth transition to the clinical setting, no major limitations were identified from this part of the study.
Two-Attending Approach
After case 6, all RAMIE procedures were performed by consistent "console" and "bedside" 2-attending surgeon team (I.S.S. and N.P.R.), with significant combined experience in advanced minimally invasive techniques, including formal advanced fellowship training in minimally invasive esophagectomy, and robotic-assisted procedures. The console and bedside attending roles were alternated after the first 50 cases ("training" phase). Additional dedicated staff included a limited set of anesthesiologists, operating room scrub technicians, and circulating staff routinely involved with the thoracic service and familiar with the operation.
Senior Partner as "Expert Consultant"
The most experienced senior esophageal surgeon in our group (M.S.B.) graciously served as a formal procedural consultant and advisor throughout inception and development, with direct observation of cases, technical critique, and recommendations for procedural improvement.
Training and Teaching Phases
During the first 50-case initial development-and-training phase, the vast majority of every RAMIE procedure was performed exclusively by the attending team with consistent console (I.S.S.) and bedside (N.P.R.) roles. Program trainees (residents and fellows) second-assisted at the second robotic console and/or bedside. During the second 50-case teaching phase, greater emphasis was placed on graded teaching of the procedure, with supervised performance of discrete portions of each operation by the resident or fellow at the robotic console. During this phase, the 2 attending surgeons alternated their roles between the console and the bedside assist with each successive case.
Immediate Case Critique and Refinement of Technique
All cases underwent immediate postcase critical review by the study attending surgeons to identify operative challenges and pitfalls. All postoperative complications were identified and underwent immediate formal review by the study attending surgeons, including the senior consulting attending surgeon, to identify clear or putative root causes. All technical complications included discussion with senior partners and video review of key elements of the operation to identify known or otherwise potentially unrecognized technical errors. Potential critical and noncritical procedural refinements were identified, planned, and incorporated with the subsequent case.
Program Termination Points
A predetermined termination point of 50 cases was set if less than equivalent outcomes or safety indices to accepted service norms for esophagectomy were identified. An immediate program termination point was set if solutions to observed highly morbid technical pitfalls specific to RAMIE could not be identified.
Set Requirements for Conversion
Mandated conversion points from RAMIE to standard minimally invasive or open surgery included anticipated excessive operating time, failure to significantly progress, and/or intraoperative complications.
Our RAMIE method has previously been described, including robotic-assisted laparoscopy and thoracoscopy with gastric mobilization, pyloroplasty, gastric conduit formation, esophageal mobilization, and creation of a circular stapled thoracic anastomosis (Ivor Lewis) or hand-sewn neck anastomosis (McKeown). 4 All consecutive patients during the study period undergoing RAMIE were included. Patients deemed surgical candidates for esophagectomy were selected for the RAMIE procedure by virtue of presenting to the 2 study attending surgeons. All patients had biopsy-confirmed esophageal cancer by esophagogastroscopy and underwent standard preoperative evaluation including computed tomography, positron emission tomography, and endoscopic ultrasound. Patients' demographics, operative times, and perioperative outcomes were recorded. Statistical comparisons were performed between the first and second half of the experience using the Wilcoxon rank sum test and the Fisher exact test. Trends in median operative time, estimated blood loss, length of stay, and lymph node count were assessed between successive 15-patient cohorts using median and interquartile (25th-75th percentile) plots. All analyses were performed using SAS 9.4 (The SAS Institute, Cary, NC USA).
RESULTS

Patients' Demographics
Patients' demographics and study outcomes are outlined in Table 1 . One hundred of 313 esophageal resections performed at our institution underwent RAMIE and were evaluated during the study period from January 25, 2011, to May 5, 2014. Seventy-four percent were male (median age, 62 years; range, 37-83 years), 86% had adenocarcinomas, and 89% underwent an Ivor Lewis procedure with an intrathoracic anastomosis. Seventy-three percent received induction chemoradiation.
Intermedian comparison identified no differences in age, sex, tumor histology, induction therapy rates, American Society of Anesthesia risk class, median length of stay, or pathology stage. Ninety percent of patients had a complete resection (R0), with the remaining having microscopic positive margins (R1) identified on final pathology. Median lymph nodes resected increased between the groups (P = 0.08) but were not statistically significant. Trends in median estimated blood loss, operative time, lymph nodes harvested, and hospital length of stay over successive 15-patient cohorts are shown in Figure 1 .
Operative Time
Median operative times decreased significantly between the halves of the experience from 447 (range, 283-807) to 357 (range, 275-524) minutes (P < 0.001), as determined by the operative record. When analyzed between cohorts of 15 patients, median operative times dropped to approximately 370 minutes between 30 and 45 cases (Fig. 1 ). In this series, operative times nadir at 45 cases with a median time for cases 40-45 of 298 minutes. With introduction of the teaching phase with guidelines to keep the median time within reasonable limits, a modest but noticeable rise in median OR time is seen and quickly stabilizes over the remaining second half of the experience.
Conversions
Intermedian rates of conversion to nonrobotic MIS or open procedures decreased significantly, with only 2 of 15 conversions occurring in the second half (P = 0.004). There were no emergent conversions. Reasons for the 10 conversions to open surgery included questionable anastomotic integrity (2), poor visualization of greater gastric curve (2), positive proximal margin (1), inability to safely pass end anastomotic stapler in a patient with a greatly thickened gastric conduit (1), inability to safely advance conduit through into chest (1), dense fibrosis (1), repair of enterotomy (1), and for primary simple, single-suture repair and buttress with intercostal muscle flap of a small, nonthermal tear in left membranous mainstem bronchus in a patient with a grossly overinflated bronchial cuff (1) (patient recovered without incident or complications). The 5 conversions to laparoscopy included excessive poor visualization of the greater gastric curve (2), excessive operative time (2), and system failure of the robotic console (1).
Morbidity and Mortality
Complications were graded using Common Terminology Criteria for Adverse Outcomes Version 3.0. Twenty-two patients (22%) had grade 3 to grade 4 (major) complications. Overall, complications decreased (P = 0.046) over the experience. Rates of anastomotic leak greater or equal to grade 2 remained similar (P = 0.52). Specific complications are summarized in Table 2 . Thirty-day mortality was 0%, and 90-day mortality was 1%, with one death due to gastric conduit-airway fistula repaired successfully, but with subsequent unrecoverable respiratory failure on postoperative day 70.
DISCUSSION
In this study, we report our institutional experience with the RAMIE procedure as developed within a highly structured academic program focused on patients' safety. With the use of an ongoing iterative process of procedure critique and development, several refinements to the RAMIE procedure were made and are detailed later in the text.
Airway Dissection
As previously described, 2 patients developed conduit or anastomotic fistula complications involving the airway within 1 month of surgery. 10 While unclear if related specifically to the procedure, a third presented approximately 3 months after operation. Two of the fistulas were small (<5 mm) and healed completely with temporary placement of covered esophageal stents. The third was successfully repaired, but the patient ultimately died on postoperative day 70 from ongoing respiratory failure and represents the only mortality in the series. It is important to note that these complications are not specific to the robotic approach, and that these represent a recognized Respiratory failure 1 manifestation of immediate or delayed injury to the airway during MIE with the use of thermal dissection devices, such as the ultrasonic shears. We have modified our technique during airway dissection to the use of articulated bipolar energy instrumentation with minimal lateral thermal spread, and overall limitation of energy use during this portion of the operation.
We have since seen no such complications owing to thermal injury. Of note, one conversion in our late experience was due to a small 1-mm direct injury to the membranous left-mainstem bronchus in the presence of a grossly overinflated bronchial cuff. This occurred with nonenergy dissection and was repaired with a simple suture and reinforced with an intercostal muscle flap. The patient's postoperative course was without event.
Anastomosis
We simplified our method of securing the circular endto-end anastomotic stapler anvil into the proximal esophagus, with placement of the first purse-string suture before insertion of the anvil as opposed to after. Whereas attention must be paid to avoid attempts at dilating the esophageal orifice while inadvertently grasping the suture in a fixed position, this technically less difficult modification also allows for more precise and unobstructed placement of the suture, thus avoiding a "rosebud" of excessive tissue around the anvil stem.
Intraoperative Fluorescence Imaging
As previously described, we incorporated the use of indocyanine green-based near-infrared fluorescence imaging (available on the current robotic platform) to better identify the right and left gastroepiploic arcades during dissection of the greater gastric curve. 11 This, and similar technologies, may increase the safety index of surgery by allowing clear visualization of otherwise obscured vital structures during dissection.
Replaced Left Hepatic Artery
Three patients required sparing of a left hepatic artery arising from the left gastric artery. This was accomplished readily and did not require conversion to open procedures. In the authors' opinion, the advanced technical capabilities of the robotic platform were a significant asset in these more complex scenarios. Of note, sparing of a replaced left hepatic artery is not routine in our practice, and it can often be sacrificed with little or no threat to hepatic viability. It is performed on the relatively rare occasion that the artery is deemed large enough, and in the presence of a substantial left hepatic lobe, to raise concern for significant liver ischemia. In this scenario, the replaced left hepatic artery is temporarily occluded with a small clip to assess perfusion/ischemia to the left liver before finalizing a decision to spare the artery.
Transhiatal Advancement of Conduit
After conversion to thoracotomy in one patient after inability to safely advance the conduit into the chest, our technique was modified from "pulling" the conduit directly toward the neck to "lifting" the gastric tube "up" toward the lateral chest, thus allowing easier and safer traverse of the sometimes bulky vascular arcade and omentum into the chest through the hiatus, and potentially avoiding the need for "relaxing" incisions in the right crus. This technical modification was a direct result of technical advice from our senior consultant after a review of procedure and video.
Limitations
There are several limitations of the study, including its relatively small numbers and potentially still maturing results. Additionally, conclusions regarding oncologic outcomes cannot be determined without further follow-up over time. It is also difficult to know how translatable the results are to other practices. The reported outcomes and process of procedure development at a single high-volume center with extensive surgical and institutional experience in complex esophageal and minimally invasive procedures may represent a bestcase scenario not easily reproducible in other practice settings. Development of formal training programs for complex procedures such as RAMIE may help achieve incorporation of such approaches into practice without recapitulation of know pitfalls and morbidity, such as airway injury. We caution that these approaches may best be performed in high-volume centers with experience in complex esophageal surgery for cancer. 12, 13 CONCLUSIONS Within a high-volume esophageal cancer practice, the RAMIE procedure was feasible with excellent perioperative and postoperative outcomes. We believe our reported results are due largely to adherence of key programmatic principles focused on evaluating and maintaining high safety and quality profiles throughout the process of procedure development. These include pre-execution planning, formal and ongoing procedure critique and refinement, a consistent experienced team, and defined procedure and program termination points. The current study outlines one potential paradigm for the evaluation and development of "disruptive" techniques and technologies while maintaining a clear focus on the highest levels of patients' safety.
